Screening of a library derived from primary human endothelial cells revealed a novel human isoform of vesicle-associated membrane protein-1 (VAMP-1), a protein involved in the targeting and/or fusion of transport vesicles to their target membrane. We have termed this novel isoform VAMP-1B and designated the previously described isoform VAMP-1A. VAMP-1B appears to be an alternatively spliced form of VAMP-1. A similar rat splice variant of VAMP-1 (also termed VAMP-1B) has recently been reported. Five different cultured cell lines, from different lineages, all contained VAMP-1B but little or no detectable VAMP-1A mRNA, as assessed by PCR. In contrast, brain mRNA contained VAMP-1A but no VAMP-1B. The VAMP-1B sequence encodes a protein identical to VAMP-1A except for the carboxy-terminal five amino acids. VAMP-1 is anchored in the vesicle membrane by a carboxy-terminal hydrophobic sequence. In VAMP-1A the hydrophobic anchor is followed by a single threonine, which is the carboxy-terminal amino acid. In VAMP-1B the predicted hydrophobic membrane anchor is shortened by four amino acids, and the hydrophobic sequence is immediately followed by three charged amino acids, arginine-arginine-aspartic acid. Transfection of human endothelial cells with epitope-tagged VAMP-1B demonstrated that VAMP-1B was targeted to mitochondria whereas VAMP-1A was localized to the plasma membrane and endosome-like structures. Analysis of C-terminal mutations of VAMP-1B demonstrated that mitochondrial targeting depends both on the addition of positive charge at the C terminus and a shortened hydrophobic membrane anchor. These data suggest that mitochondria may be integrated, at least at a mechanistic level, to the vesicular trafficking pathways that govern protein movement between other organelles of the cell.
INTRODUCTION
A group of membrane-bound proteins, known collectively as soluble N-ethylmaleidmide-sensitive factor attachment protein (SNAP) receptors (SNAREs), 1 have garnered intense scrutiny because of their involvement in vesicular trafficking (reviewed by Rothman, 1994; and Pfeffer, 1996) . One set of SNAREs (v-or vesicle-SNAREs) are embedded in the membrane of transport vesicles, and another set (t-or target-SNAREs) are embedded in the membrane to which the vesicles are targeted. Genetic studies in yeast and biochemical studies in both yeast and mammalian cells have demonstrated that these proteins are indispensable for transport vesicle fusion. Particularly compelling is the demonstration that clostridial neurotoxins with endometalloprotease activity inhibit regulated secretion by specifically cleaving SNARE proteins (Neimann et al., 1994) . v-SNAREs directly bind to t-SNAREs in interactions that show pairwise specificity.
For example, the well characterized v-SNAREs, vesicle associated membrane protein (VAMP) isoforms 1 and 2 (also known as synaptobrevins 1 and 2; for the purpose of clarity these proteins will be referred to as VAMPs for the remainder of this report), bind in vitro to the t-SNARE syntaxin isoforms 1 and 4, but not syntaxin isoforms 2 or 3 (Calakos et al., 1994) . Furthermore, SNAREs are specifically localized to different organelles in the cell. In yeast and mammalian cells both v-and t-SNAREs have been identified that are localized to transport vesicles and target membranes associated with the endoplasmic reticulum (Newman et al., 1990; Banfield et al., 1994; Hay et al., 1996) , Golgi (Hardwick and Pelham, 1992; Hay et al., 1996; Nagahama et al., 1996) , and plasma membrane (Aalto et al., 1993; Bennett, et al., 1993) among other sites. These two attributes, specificity in binding and specificity in localization, have given rise to the "SNARE hypothesis" (Sollner et al., 1993) , which states, in its most simple form, that the interaction between v-and t-SNAREs governs the targeting of transport vesicles to the appropriate target membrane. A targeting role for the SNARES is, however, the subject of debate. For example, the consequence of inactivating either syntaxin or VAMP is the accumulation of secretory vesicles at the target membrane (Hunt et al., 1994; Broadie et al., 1995) , consistent with a role for the SNAREs in fusion, but clouding the issue of SNARE involvement in vesicle targeting.
The localization of the SNARE proteins to specific membranes is thought to be intrinsic to their mechanistic role and has been directly shown to be essential for function (Regazzi et al., 1996) . Both the syntaxinand VAMP-related SNAREs are anchored by carboxyterminal hydrophobic anchors (another important but unrelated t-SNARE, SNAP-25, is anchored by palmitoylation). Membrane insertion of this class of membrane protein appears to be posttranslational (reviewed in Kutay et al., 1993) . However, at least for VAMP-2, the protein is not inserted directly into transport vesicles, but instead is inserted into the membrane of the endoplasmic reticulum, by a mechanism distinct from the signal recognition particle-mediated pathway, and routed through the Golgi apparatus for incorporation into vesicles (Kutay et al., 1995) . The mechanism directing VAMP-2 to synaptic vesicles relies on an amphipathic helix (helix-1) in the conserved cytoplasmic domain of the protein (Grote et al., 1995) . When this helix is disrupted, VAMP-2 is localized predominantly in endosomes, which therefore may be considered a "default" localization for this protein.
For other carboxy-terminal-anchored proteins, the localization sequences within the proteins are, by and large, less well defined, although both transmembrane and cytosolic portions of these proteins have been implicated (Kutay et al., 1993; Banfield et al., 1994; Yang et al., 1997) . The role of the structure of the signal-anchor sequence in targeting a v-SNARE has been studied in detail in yeast (Rayner and Pelham, 1997) . The protein studied, Ufe1p, is a v-SNARE localized at steady state to the endoplasmic reticulum. In the case of Ufe1p, the length of the hydrophobic anchor is critically important to retention in the endothelial reticulum (ER). Lengthening the Ufe1p anchor by four hydrophobic residues results in relocalization to a endosome-like compartment, and further lengthening by two additional amino acids leads to plasma membrane localization. Interestingly, a sequence-specific retention in the ER was also demonstrated, indicating that proteins within the plane of the membrane interact with Ufe1p to retain it in the ER.
We undertook screening of an endothelial cell library for SNARE proteins to better understand regulated secretion in those cells. This screen uncovered the presence of VAMP-2 and SNAP-25 (our unpublished data). In addition, as reported here, we have found an isoform of VAMP-1 that, relative to the previously reported VAMP-1 sequence, has an altered carboxy-terminal tail. This alteration results in the creation of a mitochondrial targeting sequence.
MATERIALS AND METHODS

Reagents
Unless otherwise specified, all reagents were from commercial sources and of reagent-grade or higher.
Antibodies
Anti-FLAG epitope monoclonal M2 was purchased from Kodak Imaging Systems (Rochester, NY). Polyclonal rabbit anti-Tom20 (Hanson et al., 1996) was a generous gift of Dr. Nicholas Hoogenraad (La Trobe University, Bundoora, Victoria, Australia). Biotinylated swine anti-rabbit antibody was from DAKO (Glostrup, Denmark). Streptavidin conjugated to Tri-color was purchased from Caltag Laboratories (South San Francisco, CA). FITC-conjugated goat anti-mouse was from Silenus (Hawthorne, Victoria, Australia).
Cells
Human umbilical vein endothelial cells (HUVEC) were isolated and cultured on gelatin-coated flasks as previously described (Wall et al., 1978) . Cells were generally used at passage 3. For transfection and immunofluorescence, cells were plated into eight-well chamber slides (Nalge Nunc International, Naperville, IL) coated with fibronectin, 50 g/ml (Boehringer-Mannheim, Indianapolis, IN) at 1.25 ϫ 10 4 cells/well. Primary fibroblasts were isolated from umbilical cord by a similar procedure. Human peripheral blood neutrophils were isolated from healthy donors by dextran density gradient sedimentation followed by hypotonic lysis of erythrocytes. Jurkat cells were cultured in RPMI ϩ 10% FCS and HepG2 cells were cultured in DMEM ϩ 10% FCS.
Immunofluorescence
Endothelial cells were washed once with PBS and then fixed for 10 min at room temperature in 4% paraformaldehyde in PBS. Cells were then washed three times with PBS/0.1% Triton X-100 (PBS/ Triton) and permeabilized for 10 min in PBS/Triton. Primary antibodies were then added in PBS/Triton containing 3% BSA and incubated for 1 h followed by three washes with PBS/Triton. Secondary and, where appropriate, tertiary antibodies, diluted in PBS/ Triton/BSA, were added for 1 h followed by three washes with PBS/Triton. Coverslips were then added over a mounting solution of 2% n-propylgallate in glycerol. M2 was generally used at 3.6 g/ml. Anti-Tom20 was diluted 1:200. M2 staining was visualized with FITC anti-mouse diluted 1:100. Anti-Tom20 staining was visualized with biotinylated anti-rabbit (diluted 1:300), and then streptavidin Tri-color (diluted 1:50). Confocal microscopy was performed on an Olympus BH2 microscope (Tokyo, Japan) (40ϫ objective) equipped with a Bio-Rad MRC-600 argon laser confocal system (Bio-Rad, Richmond, CA) with the A1 and A2 filter blocks (excitation at 514 nm, A-1 emission filter, 525-555 bandpass; A-2 emission filter, 600 longpass).
Human brain RNA was the generous gift of Drs. Hugh Reid and Claude Bernard (La Trobe University, Bundoora, Victoria, Australia). RNA from tissue culture cells was prepared as described previously (Chomczynski and Sacchi, 1987) .
Cloning of VAMP-1B
A HUVEC cDNA library was constructed from poly Aϩ mRNA isolated from first-passage HUVEC plated at low density (0.5 ϫ 10 5 cells/3.5-cm diameter plate) and reverse transcribed using the ZAP Express cDNA synthesis kit (Stratagene, La Jolla, CA) according to the manufacture's instructions. The resulting cDNA was then cloned into the pBK Phagemid vector (Stratagene) according to the manufacturer's instructions (Roberts, unpublished) . Plaques (5 ϫ 10 5 ) were screened with a sequence spanning the VAMP-1 coding sequence generated by PCR from human brain DNA (see below). The probe was hybridized in 0.5% nonfat dry milk/5ϫ SSC/0.5% SDS/100 g/ml salmon sperm DNA/50% formamide at 42°C overnight and then washed three times in 0.1% SDS/0.1ϫ SSC at 65°C. After three rounds of plaque purification, the sequences were subjected to in vivo excision into pBK-CMV for sequencing. Clones were sequenced from both ends using the Ready Reaction Cycle Sequencing kit (Perkin Elmer-Cetus, Branchburg, NJ) on an ABI 373 DNA sequencer (Perkin Elmer-Cetus).
PCR Conditions
cDNAs were produced using avian myeloblastosis virus reverse transcriptase (Promega, Madison, WI) according to the manufacturer's instructions. In all cases, hot-start PCR was used. VAMP-1A was amplified from human brain cDNA using primers derived from the rat VAMP-1 sequence (5Ј-primer, 5Ј-GATCGAATTCAAAT-GCTGCTCCAGCTC-3Ј, 3Ј-primer, 5Ј-GACTGATTCCTCAAGTA-AAAATGTAGATT AC-3Ј). Long-range PCR was performed using a Taq (Perkin Elmer-Cetus) to Pfu (Stratagene) ratio of 80:1 under buffer and nucleotide conditions as described previously (Barnes, 1994) . PCR conditions were 95°C (2 min) [95°C (1 min), 53°C (1 min), 70°C(2 min)] ϫ 36 and 72°C (5 min), 4°C utilizing a PTC-100 thermal cycler (MJ Research, Watertown, MA). For PCR analysis of VAMP-1A and -1B mRNA content of cells in culture and human brain, similar PCR conditions were used except that extension was at 72°C. Primers spanning the complete coding sequence of the corresponding proteins were used: VAMP-1A, 5Ј-GACTGAATTC-AAATGTCTGCTCCAGCTC-3Ј (5Ј-primer); 5Ј-GACTGAATTCTTT-CAAGTAAAAAAAGTAGATTAC-3Ј (3Ј-primer); VAMP-1B, same 5Ј-primer as for VAMP-1A; 5Ј-GACTGAATTCAATCAGTCCCGC-CTAACAAT-3Ј (3Ј-primer); VAMP-2, 5Ј-GACTGAATTCAAATGT-CTGCTACCGCTG-3Ј (5Ј-primer); 5Ј-GACTGAATTCATTTAAGA-GCTGAAGTAAACT-3Ј (3Ј primer); GAPDH, 5Ј-ACCACC-ATGGAGAAGGCTGG-3Ј (5Ј primer); 5Ј-CTCAGTGTAGCCCAG-GATGC-3Ј (3Ј-primer). After electrophoresis of the PCR products on 2% agarose gels, the products were hybridized to Hybond-N (Amersham, Buckinghamshire, England) nylon membranes and probed for VAMP-1A, 1B, and VAMP-2 under conditions identical to those used for screening the endothelial cell cDNA library. For VAMP-1A and -1B, the probe used was the complete VAMP-1B clone ( Figure 1 ). For VAMP-2 the sequence was a 900-base pair (bp) fragment of human VAMP-2 cloned from the endothelial cell library, including the complete coding sequence, 63 bp upstream of the start site, and 474 bp of 3Ј-untranslated sequence.
Construction of Expression Vectors Containing FLAG Epitope-Tagged VAMP-1A and VAMP-1B
The FLAG epitope was added in-frame to the N terminus of both VAMP-1A and VAMP-1B by PCR amplification of the cloned sequences (using conditions identical to those described above) with primers introducing an NcoI site and a consensus Kozak sequence at the 5Ј-end and an SpeI site at the 3Ј-end of the new coding sequence. The VAMP-1A primers used were: 5Ј-AGTCCACCATGGACTA-CAAGGACGACGATGACAAGTCTGCTCCAGCTCAGCCACC-3Ј (5Ј-primer) and 5Ј-ACGTACTAGTAGTTCATTTTTTCATCTAAT-GTT ATTG-3Ј (3Ј-primer). The 5Ј-primer used to amplify the VAMP-1B sequence was identical to the VAMP-1A 5Ј-primer. The 3Ј-primer used was 5Ј-ACGTACTAGTCTT CAGTCCCGCCTTA-CAATAAC-3Ј. The restriction fragments were cloned into the NcoI/ Xba site of p-act (transcription driven by the ␤-actin promoter) (Nishina et al., 1989) .
Transfection of HUVEC
HUVEC at passage 3 were plated in six-well trays at 1.25 ϫ 10 5 cells/well overnight. Lipofectin (6 l) (GIBCO-BRL, Grand Island, NY) was incubated in 100 l Opti-MEM (GIBCO-BRL) for 45 min and then mixed with 1 g of DNA in 100 l Opti-MEM. After 15 min this mixture was diluted with 800 l Opti-MEM. Cells were washed with warm Opti-MEM, and 300 l of the transfection mix were added to each well. The cells were incubated for 3 h at 37°C, the transfection mix was removed and replaced with complete medium, and the cells were incubated for 48 h before preparation for immunofluorescence microscopy.
RESULTS
Cloning of a Novel Isoform of VAMP-1 from a Human Endothelial Cell Library
In the course of identifying the so-called SNARE proteins in vascular endothelial cells, an endothelial cell library was probed with a sequence derived from human VAMP-1. Twenty-seven clones were identified on initial screening. Seven plaques were isolated and purified. Sequencing revealed that three clones represent VAMP-2 sequences (our unpublished data). The remaining four clones were identical and contained a sequence with partial identity to VAMP-1. The 5Ј-portion of this sequence was virtually identical to the sequence of human neuronal VAMP-1 cDNA ( Figure 1A ). The single base deviation at the extreme 5Ј-end of the sequence (base 8) may be due to sequence ambiguity or polymorphism. The endothelial cell VAMP-1 sequence completely diverged from the previously derived sequence at the extreme 3Ј-end of the coding sequence. The VAMP-1 mRNA is encoded by five exons (Archer et al., 1990) . The sequence divergence between the VAMP-1 sequence cloned here and the previously described neuronal VAMP-1 comes precisely at the boundary between exons IV and V. Exon V encodes the C-terminal five amino acids of the previously described VAMP-1. Therefore, the sequence divergence described here alters the very carboxy terminus of the protein ( Figure 1B) . Because of the sequence identity at the 5Ј-end of these sequences, even in the 5Ј-untranslated region, the fact that the divergence comes at a known splice junction, and because only a single VAMP-1 gene has been detected in human genomic DNA (Archer et al., 1990) , we presume that this new sequence represents an alternatively spliced form of VAMP-1. We have therefore termed the originally derived sequence as VAMP-1A and the newly described isoform as VAMP-1B. A similar rat splice variant of VAMP-1 (also termed VAMP-1B) has been described recently (Mandic et al., 1997) . The 3Ј-region of this sequence also shows strong homology to an uncharacterized cDNA fragment isolated from murine spleen by differential display (Ivanova and Belyavsky, 1995) .
VAMP-1B Is Widely Distributed among Cell Lines
To determine whether VAMP-1B is restricted to endothelial cells or has a broader distribution, the presence of VAMP-1B mRNA was determined in a number of cell types by RT-PCR analysis. The presence of VAMP-1A and VAMP-2 message was also determined. Primers were designed that allowed amplification of the complete coding sequences of the VAMPs. In many cases the reaction products were poorly visualized on ethidium bromide-stained gels; therefore, the amplified bands were detected by Southern blotting using cDNA probes that either detect both VAMP-1A and VAMP-1B (derived from the complete VAMP-1B coding sequence) or VAMP-2. VAMP-1B was detected in cDNA from Jurkat cells, HUVEC, fibroblasts, neutrophils, and HepG2 cells (Figure 2 ). VAMP-1B was also detected in HeLa cell mRNA (not shown). The products were all of the predicted size (363 bp). In contrast, no VAMP-1A was detected in the cultured cells, except a variable weak band in endothelial cells. Human brain RNA produced an easily detectable amplification product with the VAMP-1A primers, as expected. All cDNAs tested amplified VAMP-2 sequences of the correct size (363 bp).
Preliminary Northern blotting was performed on RNA from cell lines and human tissues using probes derived from the divergent 3Ј-untranslated regions of VAMP-1A and VAMP-1B (our unpublished results). This probe hybridized to a band of ϳ3 kilobases (kb) in mRNA from heart, placenta, lung, liver, skeletal muscle, kidney, pancreas, and brain. The signal was particurly strong in liver and pancreas. In addition, a weak, ϳ1-kb band hybridized to the probe in mRNA from cells in culture but not in brain mRNA. The size of this message is identical to that of a potential murine VAMP-1B homologue isolated by differential display (Ivanova and Belyavsky, 1995) . In brain, a strongly hybridizing 2.8-kb band was detected with the VAMP-1B probe, as well as a VAMP-1A probe. This is the reported size of the VAMP-1A message (Elferink et al., 1989) . The analysis of Mandic and colleagues indicates that in rat the VAMP-1B message contains the VAMP-1A exon in its 3Ј-untranslated sequence. This presumably explains the cross-hybridization between the 3Ј-probe used here and the VAMP-1A message in brain.
VAMP-1B Contains a Mitochondrial Targeting Sequence
In VAMP-1A, exon V encodes the carboxy-terminal five amino acids, consisting of the last four hydrophobic amino acids of the membrane anchor, and a Cterminal threonine. The alternative exon in VAMP-1B replaces these five amino acids by two basic and one acidic amino acid ( Figure 1B ). This therefore shortens the hydrophobic membrane anchor sequence by four amino acids relative to the sequence of VAMP-1A and, possibly more importantly, adds charge to the carboxy terminus of the protein. This creates a motif that is broadly shared by other proteins with carboxy-terminal membrane anchors that are targeted to mitochondria, a hydrophobic anchor flanked by positively charged residues.
To test whether the sequence difference between VAMP-1A and VAMP-1B affects protein localization, constructs encoding these proteins were transfected into endothelial cells. The FLAG epitope was introduced into the N terminus of the VAMPs to create an antigenic marker. Amino-terminal modifications have been shown to be benign to function and localization of several SNARE proteins (Banfield et al., 1994; Hay et al., 1996; Nagahama et al., 1996) . These constructs were then visualized by immunofluorescence microscopy ( Figure 3) . The cells were counterstained with an an- Figure 2 . PCR analysis of the distribution of VAMP-1A, VAMP-1B, and VAMP-2 mRNA. mRNA from Jurkat cells, human endothelial cells (HUVEC), human brain, primary fibroblasts, human neutrophils, and HepG2 cells was prepared and reversed transcribed. The cDNAs and a water control (no cDNA) were then amplified using primers specific for either VAMP-1A, VAMP-1B, VAMP-2, or GAPDH (see MATERIALS AND METHODS). The resulting reactions were separated on agarose gels, blotted to nylon membranes, and then visualized in a Southern blot with probes derived from the complete coding sequences for VAMP-1B (top) or VAMP-2 (bottom). The VAMP-1B probe used here is identical to the VAMP-1A sequence over 339 of 347 bases, and so readily recognizes the VAMP-1A sequence.
A VAMP-1 Isoform Targets to Mitochondria Vol. 9, July 1998tibody directed against the mitochondrial outer membrane protein Tom20 (Hanson et al., 1996) . The staining of VAMP-1A consisted of a diffuse surface labeling as well as punctate perinuclear staining ( Figure 3A) . The punctate staining resembles that of endosomes as assessed by fluorescent dextran uptake (our unpublished data). The endosomal distribution is not surprising given that endosomes are a "default" destination of VAMP-2 when VAMP-2 is not targeted to regulated secretory vesicles (Grote et al., 1995) . What is somewhat surprising is that VAMP-1A was not detected in the secretory granules of endothelial cells, the Weibel-Palade body. The mitochondrial marker Tom20 did not show any appreciable colocalization with VAMP-1A (Figure 3 , B and C). The distribution of VAMP-1B was strikingly different. VAMP-1B was localized to an array of fibrillar organelles that emanated from a perinuclear concentration. The staining of mitochondria with anti-Tom20 extensively overlapped that of VAMP-1B (Figure 3, E and F) . This staining pattern was observed with cells expressing VAMP-1B at a variety of levels, including those with the lowest visible staining. In some transfected cells, particularly those exhibiting very high expression levels, there was some epitope-tagged VAMP-1B staining on the plasma membrane in addition to the fibrillar staining.
Mitochondrial Targeting of VAMP-1B Depends Both on a Shortened Hydrophobic Membrane Anchor and the Addition of Positive Charge at the Carboxy Terminus
The sequence of VAMP-1B is altered, relative to VAMP-1A, by a shortened hydrophobic membrane anchor and the addition of charged residues to the carboxy terminus. To determine which aspects of this alteration lead to mitochondrial targeting, several mutations were introduced into the carboxy-terminal sequence of Flag-VAMP-1 and transfected into endothelial cells (Figure 4 ). To test whether it was the additional charge that governed mitochondrial targeting, the ϪRRD sequence at the terminus of VAMP-1B was used to replace the threonine in VAMP-1A, thus retaining the length of the VAMP-1A hydrophobic anchor but introducing the charged VAMP-1B sequence (Figure 4, mutant 1A-118RRD ). This mutant form localized identically to the unmodified VAMP-1A. Conversely, to test whether a relatively short membrane anchor was sufficient for mitochondrial targeting, the charged residues in VAMP-1B were replaced by polar, but uncharged, residues (threonine), thus retaining the shorter hydrophobic anchor but eliminating the carboxy-terminal charge (Figure 4 , mutant 1B-114TTT). In this case, the mutant construct was not distributed to mitochondria, but was localized to plasma membrane and endosome-like structures. These data indicate that the mitochondrial targeting of VAMP-1B requires both carboxy-terminal charged residues and a relatively short hydrophobic anchor. Positively charged residues are sufficient for mitochondrial targeting since replacement of the C-terminal apartate by threonine retains mitochondrial targeting (Figure 4 , mutant 1B-D116T), whereas the the aspartate by itself, when the arginines are replaced by threonine, is not sufficient for mitochondrial targeting (Figure 4, mutant 1B-114TT ). The localization of VAMP-1B mutations replacing either arginine-114 or arginine-115 with threonine, thus producing a net neutral charge at the C terminus, were also tested (our unpublished results). These proteins had a mixed distribution with some mitochondrial staining and some plasma membrane/endosome-like staining. The distribution of staining was variable from cell to cell in the same culture, such that in some cells localization to mitochondria was seen to predominate and in other cells localization to the plasma membrane/endosome was favored.
DISCUSSION
We describe here the characterization of a novel splice-isoform of VAMP-1. This isoform, which we have termed VAMP-1B, results from the use of an alternative exon at the extreme 3Ј-end of the proteincoding region. A similar splice isoform was recently reported in rat (Mandic et al., 1997) . In rat the exon encoding VAMP-1B is located in between exon 4 and exon 5, the latter of which encodes the carboxy-terminal five amino acids of VAMP-1A. We presume this organization is retained in the human sequence since the increased message size of VAMP-1B over VAMP-1A is consistent between rat and human. The mRNA for VAMP-1B is found in all cultured cell types that we have examined, although the levels of mRNA appear to be low. The expression of VAMP-1A and VAMP-1B may be, to a certain extent, mutually exclusive. In human brain cDNA, VAMP-1A was easily detectable, but no VAMP-1B was detected. In contrast, cultured cells all contain VAMP-1B but not VAMP-1A (except for a weak signal in vascular endothelial cells). From these data it appears that VAMP-1B is a widely distributed isoform, and VAMP-1A is restricted to specialized cells. A wide tissue distribution was also noted in rat (Mandic et al., 1997) . It should be noted, however, that VAMP-1A message has been detected in a variety of tissues in rat, although the cell type distribution within those tissues has not been examined in detail (Rossetto et al., 1996) . In addition to VAMP-1B, VAMP-2 mRNA was detected in all cell types examined, including cells that do not possess a known regulated secretory pathway, such as fibroblasts, HepG2 cells, and Jurkat cells. This may indicate that VAMP-2, best characterized for its involvement in regulated secretion, may well serve an alternate, more general role in all cells.
The carboxy-terminal amino acid sequence of VAMP-1 is changed by the alternative splicing in VAMP-1B. VAMPs 1-3 all terminate in either serine or threonine immediately adjacent to the hydrophobic transmembrane segment. In contrast, VAMP-1B contains three charged amino acids, and, in addition, the hydrophobic segment is shortened by four amino acids. The result of this change is to direct VAMP-1B to mitochondria in transfected cells. It should be noted that the low levels of endogenous VAMP-1B protein in 
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Molecular Biology of the Cellcultured cells have made detection of the endogenous protein difficult. Therefore, we have not been able to confirm that endogenous VAMP-1B is localized to mitochondria, and this localization must be considered tentative. However, considering that there are many examples of transfected, epitope-tagged SNARE proteins correctly identifying the localization of the endogenous counterparts (Banfield et al., 1994; Grote et al., 1995; Hay et al., 1996; Nagahama et al., 1996; Yang et al., 1997) , we are confident that the mitochondrial localization of the transfected protein reflects the localization of the endogenous protein.
The motif created by the alternative splicing, a hydrophobic carboxy-terminal sequence flanked by positive charges, is shared by several other carboxy-terminal-anchored mitochondrial proteins ( Figure 2B) . A similar basic-hydrophobic-basic motif is found in carboxy-terminal-anchored proteins that are directed to other sites. These include BOS1 (ER), the rat homologue of BET1 (Golgi), and syntaxin 2 (plasma membrane). One distinction between these proteins and those localized to mitochondria is the length of the hydrophobic sequence. With the exception of metaxin, the mitochondrially targeted proteins have hydrophobic segments that are 17 residues in length or shorter, whereas BOS1, rat BET1, and syntaxin 1 each contain hydrophobic segments that are 20 residues or longer. The differential localization of VAMPs 1A and 1B provide an ideal system for testing the sequence requirements for mitochondrial targeting of signal-anchored proteins, since VAMPs 1A and 1B differ by a small, discrete sequence change. We have found that a shortened hydrophobic sequence alone is not sufficient for mitochondrial targeting. Positively charged residues at the carboxy terminus (presumably intermembrane space side) of the sequence are also required for mitochondrial targeting. Comparison of the human and rat VAMP-1B protein sequences substantiates the importance of these positive charges ( Figure 1B ). These sequences diverge in exact sequence at the end of the hydrophobic sequence, yet both forms contain two positively charged residues. This finding mirrors in vitro studies of the mitochondrial targeting of an Nterminal signal-anchor sequence from Tom70, which is thought to be targeted to the mitochondrial membrane by the same mechanism that targets proteins with C-terminal signal anchors (McBride et al., 1992) . In those studies it was shown that whereas the hydrophobic core was sufficient for targeting, the efficiency of targeting was enhanced by positively charged residues on the N-terminal side (intermembrane side) of the hydrophobic sequence. As these studies were conducted in an in vitro system, it remains to be tested whether an absolute requirement for the N-terminal positive charges might be observed in vivo, as we have found for VAMP-1B targeting. The mechanism inserting signal-anchored proteins to mitochondria overlaps to a degree with that of matrix-directed proteins, but differs in important aspects, particularly in the initial step of recognition (Millar and Shore, 1996) . The mitochondrial membrane and/or cytosolic component(s) mediating this recognition have yet to be identified, and the discrete sequence requirements identified here could be useful in that identification.
VAMP-1 joins a growing list of proteins with multiple isoforms, one of which preferentially localizes to mitochondria. These include the endopeptidase 24.16 that localizes either to cytosol or to mitochondria, depending on the splice isoform expressed (Kato et al., 1997) , and P4501A1, normally microsomal, in which a cryptic mitochondrial sorting signal is exposed by a proteolytic clip (Addya et al., 1997) . Cytochrome b 5 is a carboxy-terminal-anchored protein like VAMP-1 and is expressed in two isoforms encoded by different genes. Analogous to the VAMP-1 localization reported here, one of these isoforms is localized to the endoplasmic reticulum, and the other to the outer membrane of mitochondria. The carboxy-terminal region of the mitochondrial isoform is responsible for mitochondrial targeting, as we have demonstrated for VAMP-1B, although the precise elements required for that targeting have not been delineated (De Silvestris et al., 1995) . Although functionally diverse, these protein pairs demonstrate how the cell has capitalized on the specificity of the mitochondrial targeting machinery to generate differential localization with a minimal perturbation of protein structure.
The localization of a VAMP protein to mitochondria is unexpected and provocative since, from a proteintrafficking perspective, mitochondria are generally regarded to be a modified prokaryotic symbiont that is independent of the vesicular trafficking pathways of the cell. What would be the function of VAMP-1 in mitochondria? A number of possibilities can be envisioned, such as a vesicular pathway originating in mitochondria to deliver mitochondrial products of lipid metabolism to other organelles. Another potential function would be to mediate a transient fusion between the endoplasmic reticulum and mitochondria in the transport of phosphatidylserine for mitochon- Figure 4 (facing page). Mitochondrial targeting of VAMP-1B is determined by a combination of a shortened hydrophobic anchor and positive charge at the carboxy terminus. Plasmids encoding VAMP-1 sequences with the FLAG epitope fused to the N terminus were transfected into human endothelial cells, and cells were stained for immunofluorescence with antibodies to either the FLAG epitope (VAMP protein) or Tom20 (mitochondria) after 24 h. In addition to wild type VAMPs 1A and 1B, the constructs included replacement of the carboxy-terminal threonine of VAMP-1A by Arg-Arg-Asp (1A-118RRD), replacement of the carboxy-terminal Arg-Arg-Asp of VAMP-1B by a triple threonine (1B-114TTT), replacement of the carboxy-terminal Asp of VAMP-1B by threonine (1B-116T), and replacement of Arg114 and Arg115 of VAMP-1B by threonines (1B-114TT).
A VAMP-1 Isoform Targets to Mitochondria Vol. 9, July 1998drial phosphatidylethanolamine synthesis (Voelker, 1990) . However, we feel a likely function of VAMP-1B is to mediate homotypic fusion events between mitochondria. Fusion of individual mitochondria to form mitochondrial reticula or large mitochondrial structures is a widespread phenomenon (Bereiter-Hahn, 1990 ). Cytoplast fusion studies have shown that a mitochondrial network involves virtually every mitochondrion in Hela cells (Hayashi, 1994 ; however, see also Yoneda et al., 1994) . However, the molecular underpinning of this fusion is almost completely unknown. The regulation of mitochondrial fusion, and the extent to which it occurs, varies widely between tissues and organisms (reviewed by Warren and Wickner, 1996; and Hales and Fuller, 1997) . Fusion of mitochondria apparently occurs developmentally in diaphragm muscle in the rat (Bakeeva et al., 1981) , after mitosis in Euglena (Calvayrac et al. 1974) , before mitosis in scorpion (reviewed in Warren and Wicker, 1996) , and after mating in Saccharomyces cerevisiae (Nunnari et al., 1997) . The fusion of mitochondria in mammalian cells has been inferred from the extended filamentous morphology observed in a number of cell types (Johnson et al. 1980 ) and tissues (Brandt et al., 1974; Kirkwood et al., 1986) . A particularly well characterized mitochondrial fusion occurs in the developing Drosophila spermatid. In these cells mitochondria fuse postmeiotically to form large structures termed Nebenkern. The only known molecular participant in mitochondrial fusion has been identified by a genetic analysis of mutants in this fusion event (Hales and Fuller, 1997) . This protein, termed Fzo, is a predicted membrane-bound guanosine triphosphatase (GTPase) without significant homology (other than in the GTPase domain) to any characterized protein. Fzo associates with mitochondria in the developing spermatid only when they are in the process of fusion. The Fzo GTPase activity is apparently required for its fusionrelated activity, since mutation of key conserved GTPbinding residues inactivates the protein. Whether Fzo has a proofreading function, analogous to the rab GTP-binding proteins (reviewed by Aridor and Balch, 1996) , or a more direct mechanical role in fusion, analogous to function of dynamin in membrane fission (reviewed by Urrutia et al., 1997) , remains to be seen. In yeast a number of genes have been identified that affect mitochondrial inheritance and morphology and could conceivably be involved in mitochondrial fusion (Berger et al., 1997; Fisk and Yaffe, 1997) . However, a direct role for fusion of these proteins has not been demonstrated.
Given the wide range of vesicle fusion events that utilize the N-ethylmaleimide-sensitive factor (NSF)/ SNARE mechanism (reviewed by Hay and Scheller, 1997) , it would not be surprising if mitochondria had appropriated this apparatus to accomplish membrane fusion. One prediction of this concept is that a target SNARE capable of binding to VAMP-1, such as syntaxins 1 or 4 and/or SNAP-25 or SNAP-23, should also be found on mitochondrial membranes. No such target SNARE has been reported in mitochondria, but previously there was no impetus to look for one. Not all evidence supports a role for SNAREs in mitochondrial fusion, however. First, analysis of the complete yeast genome has identified only eight syntaxin homologues (Weimbs et al., 1997; Holthius et al., 1998) , none of which are localized to mitochondria. Second, a prediction for SNARE-mediated fusion of mitochondria is that the NSF would also be required in the process to rearrange the SNARE complex before fusion. However, when temperature-sensitive mutants of NSF and NSF homologues in yeast were examined for fusion of mitochondria after mating, no effect of the mutations was detected (Nunnari et al., 1997) . This may be due to differences between mitochondrial fusion in yeast and mammalian cells, but another interesting possibility is that the mitochondrial VAMP serves a role in docking that is not connected to a fusion event. The levels of VAMP-1B protein are low and could potentially be below a threshold level required for fusion. In this way VAMP-1B could be involved in tethering mitochondria to target-SNAREcontaining sites, e.g., the plasma membrane, but not in fusion at those sites. Ultimately, functional tests of VAMP-1B in mitochondrial will define its role there. We are currently exploring the effects of ablating VAMP-1B on mitochondrial morphology and function.
